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Abstract 
This contribution presents the theoretical background of compressed air energy storage, examples for large scale 
application of this technology, chances and obstacles for its future development, and areas of research aiming at the 
development of commercially viable plants in the medium to large scale range. 
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1. Historical background 
The first ideas to store electrical energy by means of compressed air date back to the early 1940s [1]. 
However, until the late 1960s the development of Compressed Air Energy Storage (CAES) was pursued 
neither in science nor in industry. In 1969, the need for storage capacity in northern Germany led to the 
decision to develop a CAES plant in this particular region. The decision was supported by suitable 
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geological formations for storing large amounts of compressed gas in available underground salt domes. 
Furthermore, there was a need for black start capability for the northern German grid which could be 
provided by CAES, too [2]. In 1978 the CAES plant at the Huntorf site was commissioned. 
  
Stimulated by the Huntorf project, the general interest in CAES technology began to rise by the mid-
1970s [1, 3]. Unlike in Europe, since the Huntorf plant was clearly industry driven, the US Department of 
Energy (DOE) initiated both an R&D and a pre-demonstration program for developing CAES. As a 
result, the second large scale CAES plant was built in the USA in 1991 at the McIntosh site [4]. 
 
Today, CAES is perceived to be a key enabling technology for the integration of intermittent 
renewable resources [5,6]. Bearing this new incentive for the future application of CAES in mind, a four 
year European research project aiming at Advanced Adiabatic Compressed Air Energy Storage (AA-
CAES) technology was initiated back in 2003 [7]. The aim of this project was to develop an adiabatic 
CAES plant with 70% cycle efficiency overcoming the low cycle efficiency of diabatic CAES. Main 
outcome of the project was a conceptual plant layout for a 300 MWel adiabatic CAES plant. Despite the 
interest of several European utilities, this type of CAES plant has not been realized so far. The main 
obstacle seems to be the considerable development effort related to the adiabatic compressor and to the 
thermal energy storage together with the very limited number of installations to be expected. 
2. Fundamentals of CAES 
The basic concept of CAES is rather simple. The storage is charged by the use of electrically driven 
compressors, which convert the electric energy into potential energy, or more precisely exergy, of a 
pressurized gas. Due to the availability of the environment as a kind of low pressure reservoir, usually air 
is used as working fluid. The pressurized air is stored in volumes of any kind and is later on released to 
generate electricity again by expansion of the air through an air turbine. Depending on the targeted 
idealized process, CAES technologies are differentiated into diabatic, adiabatic and isothermal concepts. 
Thus, the main criterion for categorization is the question how heat is handled during compression and 
prior to expansion of the air. 
 
In diabatic CAES the heat resulting from air compression is wasted to the environment by cooling 
down the compressed air; therefore an external heat source is needed for the discharging process to 
prevent condensation in and icing of the expansion machinery by preheating of the compressed air 
upstream of the expander. In adiabatic CAES the heat of compression is captured in additional thermal 
energy storage (TES) devices and is utilized prior to expansion to prevent the need for other heat sources 
during the discharge phase. 
3. Different CAES concepts 
To illustrate the fundamentals of adiabatic CAES, it is advantageous to consider thermodynamic 
principles of a system in quasi-stationary operation. With some simplifications, it can be assumed that  
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describes the way in which electrical energy is stored as exergy of compressed air in an idealized 
reversible process. An important finding is that the amount of exergy stored is not limited by a Carnot-
type expression asking for storage of heat at temperatures as high as possible. If heat is stored at low 
temperature, the contribution of the pressure term increases – in any case reversible storage is possible as 
ideal limit. However, low charging pressures, which go along with low heat-storage temperatures in 
single stage designs, have a negative effect on the size of the storage devices. To avoid the resulting 
limitations, adiabatic CAES processes with multiple stages can be considered. 
 
In diabatic CAES processes, compressed air is stored at near ambient temperature and heat is supplied 
by combustion of fuel during expansion. During charging, the heat of compression is removed in a cooler 
and is completely wasted. The temperature contribution to exergy is lost; only the pressure related part of 
the exergy is utilized during expansion and the pressurized air has to be reheated in a combustion 
chamber before it is expanded in a gas-turbine like device again. Since gas turbines allow for higher 
turbine inlet temperatures than the highest compressor outlet temperatures that have technically been 
realized the temperature of the air can be raised above the compressor outlet temperature in the 
combustion chamber. This way more electrical power is gained during expansion but at the expense of 
further increased losses. Diabatic CAES plants actually represent a combination of storage and generation 
technology. 
 
Compressed air can be stored either at constant volume (isochoric) or at constant pressure (isobaric). 
The most common example of isochoric storage is a steel pressure vessel or, at large scale, a salt cavern. 
Constant pressure storage, however, requires a varying volume to maintain pressure at a constant level 
while charging and discharging. 
 
In principle, isochoric and isobaric CAS are both applicable above- and underground. Aboveground 
CAS can be built of steel or sandwich material tanks or pipes. Even concrete storage volumes are possible 
when thinking of lower final pressures. The major characteristics of aboveground CAS are: 
 
+ Widely location-independent installable 
+ high pressure difference resulting in high energy densities realizable  
− high specific investment costs 
− high land consumption even at moderate storage sizes 
− need for regular pressure and security tests 
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For the application of underground CAS a variety of choices exists. In general, each underground 
cavity which is able to withstand the needed pressure and which is air tight can be used. Solution mined 
salt caverns, gas fields or mine shafts are just some possibilities. Major characteristics of all these CAS 
are: 
 
+ small aboveground land consumption  
+ low specific investment costs 
− depending on usable geology 
− limited pressure difference due to rock mechanic stability 
 
For large scale CAS systems, salt caverns are the dominating technology as they are the only choice 
implemented for compressed air energy storage in commercial application so far; the behavior of 
pressurized salt caverns has been known for decades from the storage of natural gas. 
 
Beside the isochoric and isobaric storage of compressed air, there is also the possibility to store the air 
as a liquid at cryogenic temperatures. This technology has the following major characteristics: 
 
+ installable independent of location 
+ low specific investment costs 
+ small land consumption due to high energy density 
− need for liquefaction of the air 
 
The use of cryogenic storage requires a change in energy conversion technology as well. This so called 
liquid air energy storage (LAES) technology is not only related to CAES but also to air separation 
facilities. 
4. Different CAES concepts 
In contrast to frequently published and cited expectations, CAES has not become a widespread storage 
technology competitive to pumped-hydro electricity storage in the past decades [8]. A variety of both 
technical and economic reasons for the limited success of CAES can be identified. Some of these reasons 
are general by nature, some are specific for certain national power grids and markets. However, CAES 
still poses a comparably cheap electricity-storage technology for a typical discharge period of several 
hours to days. Such discharge periods today lack an economic case in most countries and markets. 
Nevertheless, CAES might become very attractive once there is an actual technical need and business 
case for such discharge periods in power markets dominated by fluctuating renewable generation. 
 
Facing the technical and economic limitations mentioned above, several challenging issues for R&D of 
CAES can be identified: 
 
- Flexibility in terms of short start-up times as well as fast ramping is needed to participate in ancillary 
 services market. 
 
- Site independent and low cost air reservoirs are needed. 
 
- Decentralized CAES plants could be implemented at off-grid locations and might help to solve the 
 challenges of renewable energy feed-in on the low voltage grid level. 
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- Heat storage devices with high power and energy densities are needed for the realization of A-
 CAES. 
 
- (Turbo) machinery capable of being used as compressor and turbine (comparable to pump-turbines 
 of PHES plants) could decrease the CAPEX of CAES. 
 
- Motor/Generators for direct driven turbo machinery at elevated rotational speed could increase the 
 efficiency of compression and expansion processes. 
 
- Tools for detailed simulations including, e.g., the performance of heat storage devices, effects related 
 to humidity, part-load and dynamic operation of machinery, and finally of course the economic 
 performance for realistic annual charge/discharge profiles need to be developed to enable fast and 
 profound decisions when a storage technology has to be chosen for a certain application in a certain 
 market scenario. 
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